Elemental carbon represents a fundamental building block of matter and the possibility of ferromagnetic order in carbon attracted widespread attention. However, the origin of magnetic order in such a light element is only poorly understood and has puzzled researchers. We present a spectromicroscopy study at room temperature of proton irradiated metal free carbon using the elemental and chemical specificity of x-ray magnetic circular dichroism (XMCD). We demonstrate that the magnetic order in the investigated system originates only from the carbon π-electron system.
1
The magnetic properties of carbon have been intensively studied in geology and cosmology [1] , biochemistry [2] , physics [3] and material sciences [4] . The particular interest among the biophysical and chemical sciences is triggered by the fact that the spin dependent part of the electronic wave function and its symmetry conditions can have a dramatic influence on the occurrence of certain bonding scenarios [5] . For example, a magnetic field induced shift in the bonding probability has been used as an argument for selective diamond formation [6] .
More general, the possibility of intrinsic long range magnetic order in carbon is intriguing from a fundamental scientific point of view because its existence in systems containing only sand p-electrons demonstrates the importance of correlation effects between these electrons, a scenario that has been generally neglected so far. However, a conceivable and commonly agreed upon origin of the long range magnetic order in carbon is still elusive despite the broad interest and extensive theoretical work [7] . Reports of ferromagnetic impurities in nominally impurity-free samples have further increased the scepticism on the existence of magnetic order in pure carbon systems [8, 9] . Altogether it is evident that the study of the electronic structure of magnetic carbon is required to reveal which electrons contribute to the long range magnetic order and to elucidate the origin of magnetic order in carbon.
In this paper we present spectromicroscopic results obtained from micrometer sized magnetic spots that were produced on thin carbon films by a focused proton beam [10, 11] . The approach to "make carbon magnetic" through irradiation with a focussed particle beam presents the advantage that the magnetism is confined to only certain areas and it enables us to directly compare nominally "magnetic" and "non-magnetic" carbon in a microscope.
For this purpose we used the scanning transmission x-ray microscope (STXM) located at the elliptical polarizing undulator beamline 11.0.2 at the Advanced Light Source [12] in Berkeley, California (USA). This x-ray source provides intensive soft x-ray beams with variable polarization. The STXM uses a Fresnel Zone plate to focus the incoming soft x-ray beam to a spot of about 50 nm onto the sample in normal incidence. The x-ray transmission within the focus area is then detected using a photo diode or photon multiplier behind the sample. By scanning the sample perpendicular to the optical axis one obtains an image of the lateral distribution of the x-ray absorption cross section. All measurements of this study were performed at room temperature. Soft x-ray absorption microscopy makes it possible to obtain element specific information in a complex sample by tuning the photon energy of the x-rays to the core level absorption resonance of each element. The exact shape and intensity of such an absorption resonance depends strongly on the local electronic structure of the investigated species and composition of the sample [13] . In addition, the polarization dependence of the absorption resonance (dichroism) carries information about the magnetic order. For example, the transmitted intensity of circular polarized x-rays depends on the angle between the magnetic moment M and the sign of the circular polarization σ of the incoming x-rays. This effect is referred to as x-ray magnetic circular dichroism (XMCD) and is used to quantify the magnetic moment of different elements in a sample. A characteristic feature of XMCD, in contrast to other non-magnetic forms of circular dichroism, is the fact that the x-ray absorption changes, i.e. the image contrast is reversed, upon switching the sign of the x-ray polarization or the magnetization and can hence be used in an x-ray microscope to image the magnetic domain structure of an unknown sample [14] . We note that while XMCD at the L-absorption resonances of transition metals can be used to determine the spin and orbital moment of the element separately this is not possible for K-absorption resonances as in the case of Carbon.
The XMCD effect at the Carbon K-edge only probes the orbital moment [15] , as has been observed in, for example, Fe/C multilayers [16] .
For our studies we prepared two thin carbon films of ≈200 nm thickness by pulsed laser deposition (PLD) onto self-supported, 200 nm thick Si 3 N 4 window for sample A and 100 nm thick for sample B. To obtain graphitic-like films sample B was deposited at a temperature of 560
• C with a deposition time of 45 min, while sample A was prepared at 30
• C in 30 min to grow a disordered carbon film. The samples were then irradiated by 2.25 MeV protons using a focussed proton beam to produce an array of magnetic spots with different fluences ranging between 0.1 and 50 nC/µm 2 . The spots were separated by 20 µm each, similar to that produced on oriented graphite surfaces [17] . Proton Induced X-ray Emission (PIXE) measurements performed during irradiation provides upper limits for the concentration of magnetic ions: for sample A (B) < 9 (23) ppm Fe, and < 20 (50) ppm Ni. Other magneticcontaminant concentrations were below the minimum detection limit of a few ppm for these thin films. The irradiated areas and surroundings were then characterized by atomic force (AFM) and magnetic force microscopy (MFM) at room temperature. Altogether MFM suggests that magnetic order is induced by the proton irradiation in the area surrounding the beam impact area for the used fluence. Similar contrasts were observed in irradiated spots in highly oriented pyrolytic graphite (HOPG) produced at high proton currents, suggesting annealing effects at the center of the spot [11] . STXM images acquired at the Fe, Co and Ni L resonances of this particular spot shown in the bottom panel of Fig. 1 corroborate the findings of the in-situ impurity characterization during proton irradiation.
We find that the level of contamination is well below 100 ppm and that no ferromagnetic contaminants were introduced during or after proton irradiation that were not detected by PIXE characterization.
We acquired x-ray absorption spectra of both samples as shown on the bottom of Fig. 2 .
The spectra exhibit a distinct π ⋆ resonance around 284 eV. This resonance is followed by a broad and mostly unstructured σ ⋆ feature in the case of sample A (black spectra). The σ ⋆ resonance of sample B however shows a localized feature around 291.5 eV (red spectra). By comparing our spectra to previous results [13] we conclude that the structure of sample A is mostly disordered while the annealing procedure of sample B has led to partial graphitization causing the more distinct features in XAS. Figure 2 also shows STXM images obtained at 5 several photon energies with different orientation of the applied field ( H = ± 600Oe) and circular polarization ( σ = ±1). The field was applied parallel to the incident x-rays and perpendicular to the surface using a permanent magnet. The first column of images was acquired below the resonance at 280 eV, while the images in the right column were acquired within the σ ⋆ resonance for sample A. We do not observe a dependence of the image contrast on the polarization of the x-rays or the applied field and therefore find that these images only provide information about local variation of the film thickness (hν = 284 eV) and chemical bonding (hν = 291.5 eV). The proton irradiation leads to the removal of material and increase in empty σ ⋆ states in the center of the beam impact area. We can conclude that the σ electron system does not contribute to the magnetic moment since it does not show any XMCD contrast.
The situation is different for images acquired at the π ⋆ resonance at 284.0 eV, see Fig. 2 .
First the area around the center appears in a light grey but it becomes very distinct and dark upon reversing the polarization of the x-rays. Subsequent reversal of the direction of the applied field restores the original alignment of applied field and x-ray polarization and consequently the image exhibits the original contrast again. We conclude that the observed x-ray magnetic circular dichroism is caused by long range magnetic order originating from the carbon π-electron system. We note, that the XMCD effect found here is very small, of the order of ≈ 0.1%, and hence superimposed by other non magnetic effects. For this reason we do not observe a distinct black/white contrast as it is usually the case for bulk transition metal samples [14] but only a more subtle contrast.
We use the size of the observed dichroism to give an estimate of the size of the magnetic moment per carbon atom. The magnetic contrast that we observe is about an order of magnitude smaller than what has been observed at the Fe K-edge by Schütz et al. applying a similar background subtraction [18] . Taking into account the different non-magnetic absorption cross section at the Fe and C K-absorption edge we estimate that the average orbital moment per Carbon atom in the magnetic ring area is between 5 · 10 −4 and 1 · 10
Bohr magneton [15] . This implicates that the observed XMCD contrast cannot be due to paramagnetic or diamagnetic effects. Were paramagnetism present at the spot region, it would provide two orders of magnitude smaller contrast at the applied field of 600 Oe and at room temperature. We note further that the whole sample A is paramagnetic with magnetization at saturation of ≈1 emu/g measured at 2 K in similar carbon films [19] . Be- cause of the localized heating produced by the proton beam we expect actually a decrease of the paramagnetism at the spot center. However, neither the center of the spot nor the paramagnetic matrix shows XMCD contrast. We therefore conclude that neither para-nor diamagnetism is responsible for the XMCD contrast results, taking also into account the SQUID measurements on irradiated HOPG [10, 11] and the similarities observed in MFM between the spots produced in HOPG [11] and in sample A.
We will now address the influence of the partial graphitization on the magnetism of the sample. The previous results were obtained from sample A that was prepared at room temperature and hence does not show any significant graphitization. By applying an external magnetic field of 600 Oe it was possible to align the magnetization perpendicular to the surface (at the ring area of the irradiated spot) so that an homogeneous XMCD effect could be observed. Sample B is different since it was prepared at 560
• C and exhibits a more graphitic character. Fig. 3 shows XMCD images acquired from spots on sample A and B irradiated with a fluence of 20 and 10 nC/µm 2 respectively. To enhance the XMCD effect and to normalize out other contributions to the image contrast we first calculated the asymmetry
and then subtracted images acquired with opposite polarization. These images are now freed from other non-magnetic contrast sources and the magnetic ring can clearly be identified in sample A [20] . The graphitized sample however does not exhibit a magnetic ring at this fluence and it appears as if the magnetic moment of the entire spot cannot be aligned with the external field of 600 Oe. Instead, we find areas exhibiting black and white XMCD contrast around the beam impact area in the center caused by a residual component of the direction of the magnetic moments perpendicular to the surface, while most of the magnetic moment prefers to align parallel to the surface and does not cause an XMCD contrast in the microscope. We conclude that the irradiated spot on the graphitized sample exhibits a preferred alignment of the magnetization that is parallel to the surface (magnetic anisotropy) compared to the disordered one. The residual out of plane component of the preferred axis of the magnetization varies around the beam impact area, i.e. an evidence for the formation of magnetic domains. The fact that we are able to observe a small variation of the preferred axis of the magnetization without fully magnetizing the spot indicates that the XMCD -and hence its magnetic moment -observed on the graphitized sample is larger than for the non-graphitized sample.
Using element specific XMCD we have demonstrated that proton irradiation leads to ferromagnetic order in carbon that originates from the spin-polarization of the carbon π-electrons. Both disordered and partly-graphitized films exhibit an XMCD signal. The main difference between the two samples is that the XMCD signal and hence the magnetic moment in the partly graphitized sample is larger. In addition the magnetization of the partly-graphitized film exhibits a distinct preferred magnetic axis parallel to the surface.
This observation furthermore corroborates the role of the π electrons in the magnetism of carbon since larger order in the π bonds leads to higher value and anisotropy of the orbital moment and hence anisotropy of the magnetization. Regarding the role played by hydrogen in the origin of the magnetic order in carbon we note the following. Taking into account that at the used proton energy only a negligible amount of them are captured in the 200 nm thick films, were hydrogen one of the necessary ingredients to trigger magnetic order in carbon then it should be the hydrogen already present in the sample, as measured in HOPG samples [21] . Hydrogen dissociation plus its bonding at atomic lattice defects, both produced by irradiation, may then play a role in the observed magnetic order. 
